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Introduction

46
Many legume protein isolates have been investigated as possible emulsifying agents in emulsion- 47 based food (Benjamin, Stilcock, Beaucham, Buettner, & Everett, 2014; Ghatak & Sen, 2013; Karaca, 48 Low, & Nickerson, 2011; Ma, Boye & Simpson, 2016) . Among them, peanut protein isolate (PPI) is 49 usually preferred due to the good surface active properties of its major constitutive proteins arachin 50 and conarachin, which have shown to be able to substantially lower the oil/water interfacial tension 51 (Benjamin et al., 2014; Karaca et al., 2011) . In addition, PPI has been considered as a good nutritional 52 source due to its high content of essential amino acids, low risk of allergic reactions and steady supply, 53 which has gained preference among both consumers and producers (Ghatak et al, 2013) . However, 54 due to the rigid globular structures of native peanut proteins, PPI is less capable as an emulsifying 55 agent when compared to milk proteins with flexible molecular structures (McClements & Gumus, 56 2016). Moreover, extensive denaturation and aggregation of peanut proteins usually occur during the 57 production of commercial PPI, resulting in the loss of much of its soluble proteins and emulsification 58 capability (Taherian et al., 2011) . 59 Modification of proteins based on enzymolysis has been considered to be safe and of great 60 potential to improve their emulsification performances. This is attributed to 3 distinct structural (100, 130, and 160 ºC). The diameter of the screw was 30 mm, and the extruder had a barrel length-137 to-diameter ratio of 23: 1, with a cooling die attached at the end of the extruder. The screw elements 138 included kneading blocks and reverse paddles, and the screw speed was set at 325 rpm. Prior to 139 extrusion, the moisture content of PPI was adjusted to 15 % (w/w). Moisturized PPI was fed into the 140 extruder with a loss-in-weight feeder at a rate of 12.8 kg/h. The extrudates of PPI (EPPI) were allowed 141 to cool to room temperature and then ground to pass through a screen of 40 mesh. Ground samples 142 were dried in a convection oven at 40 ºC for about 18 h to reach a moisture content of ca. 5.2 % (w/w) 143 similar to that of raw PPI. The resulting EPPI powder was sealed and stored at 4 ºC for further use. 145 Papain, a protease having a broad specificity to peptide bonds, was used to induce the 146 proteolysis. PPI or EPPI powder was fully dispersed into deionized water (powder: water = 1:10, w/v) 147 by stirring at room temperature for 2 h using magnetic stirrers, with pH being adjusted to 7.0. Papain 148 was then added into the resulting sample suspensions, and the enzymic proteolysis was carried out at 149 50 ºC and pH 7.0 in a temperature-controlled shaking water bath operated at 120 rpm rate. An auto-150 titrator (848 Titrino plus, Metrohm, Switzerland) loaded with 0.1-1.0 M NaOH solutions was used 151 to maintained the pH of suspensions constantly at pH 7.0 during proteolysis. On the basis of 152 preliminary experiments, different enzyme-to-substrate ratios (E:S, 0.05-0.5%, w/w) were used to 153 prepare PPIH and EPPIH with desirable DH values. The DH of protein hydrolysates refers to the ratio 154 of cleaved peptide bonds against the total peptide bonds before proteolysis. In this study, the pH-stat ACCEPTED MANUSCRIPT 8 155 method described by Adler-Nissen, Eriksen & Olsen (1983) was used to control and determine the 156 DH (%) of different samples, which was calculated as Eq. (1):
Preparation of PPIH and EPPIH and determination of degree of hydrolysis (DH)
where α is the average degree of dissociation of α-amino groups; M P is the mass of protein (N  5.46, 159 g); h tot is the total number of peptide bonds in the substrate (meqv/g protein); C NaOH is the 160 concentration of NaOH solution (M), and V NaoH is the consumption of NaOH solution (mL).
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According to the literature, α is taken as 0.44 at 50 ºC and pH 7.0 and h tot value is 7.52 meq/g for PPI 162 (Adler-Nissen et al., 1983) . The hydrolysis time was set at 120 min, wherein a plateau in DH over 163 time can be achieved for each E:S combinations. At the end of the reaction time, the protease inhibitor 164 phenylmethanesulfonyl fluoride was added into the sample suspensions to a concentration of 1 mM 165 so as to terminate the papain-induced proteolysis (Luo et al., 2010) . The amount of NaOH solution 166 consumed was recorded for determining the DH. Finally, the hydrolysates were lyophilized, finely 167 milled, and sealed in plastic bags. As controls, suspensions of PPI and EPPI were treated with the 168 same incubation conditions and enzyme inactivation treatment as described above, but without papain 169 added and also required minimal NaOH addition. Throughout this article, samples were designated 170 according to the extrusion profiles used and the DH obtained. For example, EPPIH-6.2% refers to the 171 hydrolysate of PPI being pretreated with extrusion and having a DH of 6.2%. 
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
173
The polypeptide profiles of different protein samples were determined by reducing conditions using the Laemmli method (Laemmli, 1970) . Briefly, 100 μL of protein sample 10,000 g. An aliquot (15 μL) of the resulting sample supernatant was loaded onto the Tris-HCl precast 178 gel (4-15 %) for electrophoresis running in a Mini-protean Tetra system (Bio-Rad Laboratories).
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Electrophoresis was conducted at 200V until the indicator dye reached the gel bottom. After 180 separation, proteins were fixed and stained using Coomassie Brilliant Blue R-250. 
Determination of protein solubility (PS)
182
The PS values of samples were determined according to the method of Karaca et al. (2011) , with 183 some modifications. Sample suspensions (1.0 %, w/v) were magnetically stirred for 2 h, with pH 184 being adjusted to 7.0. The resulting suspensions were centrifuged (10,000 g, 30 min) to collect 185 supernatants. The soluble nitrogen content of the supernatant was determined using Kjeldahl method 186 and PS was expressed as the ratio of soluble nitrogen in the supernatant to total nitrogen in the sample. 
Emulsion formulation and characterization
188
Protein samples were dispersed into deionized water to reach different concentrations (1.5-189 7.0 %, w/v), followed by magnetically stirring for 2 h. The resulting suspensions were adjusted to pH The coarse emulsion was then passed through a high-pressure valve homogenizer (APV-2000 Gaulin, 194 Abvertslund, Denmark) twice at 30 MPa. 195 Droplet size distributions (DSD) of emulsions were measured using a Mastersizer 3000 laser 196 diffraction particle size analyzer (Malvern Instruments, Malvern, UK). The refractive index and and S38) disappeared at E:S = 0.5% (w/w); BS-arachin (S26) appeared highly resistant to papain-281 induced proteolysis, and was still identifiable at E:S = 0.5% (w/w). By contrast, it appeared that 282 conarachin, AS-arachin, and BS-arachin in EPPI were hydrolyzed more readily by papain, because 283 they degraded completely at lower E:S ratios of 0.05%, 0.1%, and 0.5% (w/w), respectively. From 284 these observations, it is clear that the accessibilities of the major protein components to papain in PPI 285 were substantially increased after extrusion pretreatment. This finding was similar with previous 286 studies and confirmed that extrusion pretreatment was a highly effective way to improve the protease accessibilities of plant proteins (Chen et al., 2005; Jung et al., 2005; Surówka et al., 2004; Zheng et 288 al., 2006) . According to the literature, the denaturing action of high temperature and high pressure on 289 proteins in the extruder, which, together with shearing forces, led to the formation of laminated 290 structures easily accessible to proteases (Day et al., 2013; Surówka et al., 2004) . On the other hand, 291 on the lower part of the gel, some new polydisperse bands were detected for both PPIH and EPPIH, 292 which probably arised from the production of peptides during papain-induced hydrolysis of peanut 293 proteins. It is seen that since almost all of the subunits in EPPI had been degraded completely, EPPIH 294 with DH between 6.2% and 8.3% mainly consisted of peptides with MW < 25 kDa.
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Adequate protein solubility is a key factor for a protein to be as an efficient emulsifying agent. molecules and/or protein aggregates, whereby more hydrophilic groups could be exposed and showed increased intramolecular hydration (Zhao et al., 2011) . Therefore, limited enzymic proteolysis could 310 cause a strong increase in the PS of food proteins, on the premise that the protease is accessible to the 311 protein being hydrolyzed (Wouters et al., 2016; Zeeb et al., 2017; Zhao et al., 2011) . From Table 1 , 312 we can see that at the same E:S ratios, EPPIH always got significantly (p<0.05) higher DH and PS 313 than PPIH did. For instance, at E:S = 0.2% (w/w), the DH and PS of EPPIH were 6.2% and 89.3%, 314 much higher than those of PPIH (DH = 1.3%, PS = 42.7%). This may be because the protease 315 accessibilities of the major enzymolysis-resistant protein components (conarachin and arachin) in PPI 316 were substantially increased after extrusion pretreatment, more peanut proteins in EPPI could then be 317 readily hydrolyzed and became soluble. It is noteworthy that EPPIH with DH between 6.2% and 8.3% 318 showed a high PS of ~90%, which meant that most of insoluble proteins and protein aggregates in 319 EPPIH had been hydrolyzed and become soluble peptide fragments, as shown in SDS-PAGE analysis. 
Emulsification performances of PPIH and EPPIH
321
To be effective as emulsifying agents, proteins should possess some surface activity, thereby 322 facilitating the production of fine emulsion droplets by lowering the oil/water interfacial tension. (Fig. 5a) . In this experiments, in order to amplify (Fig. 5c) . However, strong droplet flocculation was still evident in the PPIH-0.9% 354 emulsion, and its emulsion interfacial layers still contained a lot of protein particles (Fig. 5d) By contrast, emulsions formed by EPPIH showed a minimum d 43 of ~4.5 μm at DH = 4.6−6.2%.
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Microscopic analyses showed that the emulsion formed by EPPIH-6.2% appeared homogeneous, 366 with most of droplets distributing from 0.1 to 10 μm (Fig. 5e) . These results clearly showed that 367 modification of PPI using extrusion pretreatment and controlled enzymic proteolysis was more 368 effective in improving the emulsification performance of PPI than that using enzymic proteolysis 369 alone. As shown before, the protease accessibilities of the major protein components (conarachin and 370 arachin) in PPI were substantially increased after extrusion pretreatment such that most of insoluble 371 proteins and protein aggregates in EPPI could be readily hydrolyzed and became soluble. Therefore, 372 it is reasonable to infer that a lot of more surface active peptides were produced during papain-induced 373 proteolysis of EPPI as compared with that of PPI, leading to a marked improvement on the 374 emulsification performance for EPPIH. (Fig. 5g) . In addition, it is observed that the droplet surfaces were covered by a thin layer 381 of peptides, with little particulates attached (Fig. 5h) . Considering that EPPIH-8.3% mainly consisted 6.2%, the minimum concentration required to form stable emulsions was 6.5 %, 5.5 %, and 2.5 % (w/v), respectively; the measured average droplet sizes of these emulsions were small and without 398 too much difference (d 32 = 0.4 μm, d 43 = 1.2-1.6 μm, see Table 2 ). LSCM observations showed that 399 these emulsions were homogeneous without droplet flocculation (images not shown). From these 400 results, we can see that compared with control PPI and PPIH-0.9%, EPPIH-6.2% was capable of 401 forming a stable emulsion with comparable fine droplet size at a relatively lower concentration, and 402 therefore possessed a better emulsification performance. 
Interfacial properties of PPIH and EPPIH
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In an attempt to explore the underpinning mechanisms of improved emulsification performances 
